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ABSTRACT

In support of the development of a new initiative in the
field of multiplexed image spectroscopy, a high torque,
servo system was developed. Utilizing only a low resolution
shaft position encoder, the system demonstrated an excellent
ability to track a pulse input signal with high precision
and stability. Ultimately, this servo system will be
incorporated into a new generation of multiplexed imaging
and imaging spectroscopy instruments. It will provide those
instruments with the capability to accurately rotate into
position a sequence of optical image encoding masks and it
will tightly control that position, even in the presence of
external perturbations. A computer will read the light
intensity signals from a sensor and quickly decode the image
for viewing and analysis. Further research into this
technology should lead to full development of an extremely
efficient infrared imaging system, with additional
applications to passive surveillance, target signature

identification, and airborne infrared astrophysics.
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I. INTRODUCTION

A. MOTIVATION

The development of a new initiative in remote sensing of
the spatial and spectral properties of infrared (IR)
radiation is the primary motivation for this thesis
research. The specific technological discipline is called
infrared imaging spectroscopy. The IR wavelength band has
been studied for many years. Many types of instrumentation
exist for either IR imaging or spectroscopy, but proficient
devices that are capable of performing both functions at
once are uncommon. Such a hybrid-type of technology should
benefit many facets of remote sensing, especially in
surveillance/target signature identification as well as in
scientific fields of study, like infrared astrophysics.

The author's thesis advisor, D.S. Davis has been the
developer of state-of-the-art IR spectroscopic
instrumentation for an extended period. He has fielded
several infrared spectroscopic devices, one of which is
currently deployed aboard NASA's Kuiper Airborne Observatory
(KaO) .

A proposed successor to the KAO, to be called SOFIA --
Stratospheric Observatory For Infrared Astronomy, is under

early stages of development by NASA. SOFIA will be a




modified Boeing 747 jet aircraft carrying a Nasmyth, three
meter, open-port telescope supplied by the Federal Republic
of Germany. Designed to "address fundamental questions in
galactic and extragalactic astronomy and in the origin and
evolution of the Solar System" [Ref. 1], Sofia will far
surpass the airborne observation capabilities of the KAO.
The new focal plane instrumentation to be outfitted on SOFIA
is expected to have ten times the point source sensitivity
and three times the angular resolution of its predecessor.
Scientists believe SOFIA will be capable of studying the
entire lifecycle of the stars and planets by examining
infrared emissions of different phases of the interstellar
medium.

Davis' principal contribution to KAO research has been
in the development and use of a cryogenically-cooled
infrared multiplexing Fourier transform spectrometer. The
spectrometers that are to fly aboard SOFIA will need to take
advantage of its augmented sensitivity to increase their
spectral resolving powers where needed.

Further developments in spectrometer design will be used
on SOFIA, including an innovative optical multiplexing
technique for infrared imaging being pursued by Davis
[Ref. 2]. This technique is based on the use of orthogonal
function encoding of entire images at once, rather than on

traditional raster scanning methods.




Davis [Re.. 2] proposes that a unique state-of-the-art
imaging/spectroscopic system can be developed that will take
advantage of Fourier spectroscopic methods to image in both
the spatial and spectral domains simultaneously. Davis
believes extreme sensitivity and versatility can be achieved
on a platform such as SOFIA. If successful, the imaging
spectroscopic system could also significantly impact such
areas of infrared remote sensing as passive surveillance and

target signature identification.

B. THESIS8 GOAL

The goal of this thesis is to provide the initial design
and testing of a precision, closed-loop, servo drive system
that will, eventually, rotate and position the orthogonal
function encoding masks in Davis' imaging/spectroscopic
system. This effort was basically proof-of-concept in
nature. The shaft position encoder mechanism used in this
particular study was an inexpensive digital opto-mechanical
encoder, known from the start of the project to lack the
resolution necessary for use in the eventual prototype
instrument. The next generation position encoder will be a
high resolution phase-locked loop analog encoder. This new
encoder will comprise the work of a future thesis study.
Thus, the project did not set out to achieve extremely
sensitive positioning standards, but rather to establish a

performance baseline to which a more precise position




encoding system could be retrofitted and refined. This
effort will lay the groundwork for future experimentation
leading to the development of high speed and resolution

infrared spectroscopic imaging instruments using this servo

drive system to its fullest potential.




II. NATURE OF THE EXPERIMENT

A. SYSTEM OVERVIEW

This thesis involved the design and prototyping of a
closed-loop (feedback) motor servo drive system in support
of the development of a new initiative in the field of
infrared remote sensing. Davis [Ref 2] proposes to use a
rotating disk to contain the imaging encoding masks in his
new instrument, a sketch of which is provided in Figure 1.
To maximize the data acquisition rate, a motor servo must
rotate an ensemble of masks into the image path and position
the mask rapidly, with a high degree of accuracy.

The proposed motor servo drive system is comprised of a
high torque, direct current motor mechanically attached to a
shaft angular position encoder. The signals from the shaft
encoder are fed through an electronic feedback circuit to
produce an amplified, negative feedback signal. The circuit
is designed to have the capability for an analog voltage
positional signal to be added to the feedback signal,
thereby altering the steady-state operating point of the
closed-loop system and, hence, the motor's preferred lock-on

position.







The servo drive motor is powered by a high power
operational amplifier in order to achieve extremely stable,

fast and accurate response to an input position signal.

B. S8ERVO DRIVE REQUIREMENTS

An optimal servo drive must satisfy several performance
criteria, some of which are mutually contradictory. This
state of affairs forces compromises in the engineering
design. Below are listed general considerations in the
design of a servo drive system.

1. Frequency Bandwidth

A powerful electric motor is a substantial inductive

load. The response of an inductive load at different
frequencies changes as a result of phase shifts between the
input voltage to the voltage across the inductive load. The
feedback system must be designed with this in mind. The
most difficult perturbation to a servo system would be its
response to an abrupt change in its input voltage, such as a
square wave. A square wave contains an infinite number of
harmonic frequencies to which the servo system must respond
accordingly. The ideal response to a square wave input
would be, of course, an instantaneous motion of the motor
that would track the square wave exactly.

2. Torque Considerations

In order to accelerate the inertial load attached to

the motor shaft, including both the external mechanical load




and the motor's intrinsic moving parts, the motor must be
able to produce substantial torque. Torque is produced in a
direct current motor by a current passing through a series
of coil wires in a strong magnetic field. A forceful motor
response is very important when changing the angular
velocity of the motor, for example, accelerating from a .
stop, or reversing direction while rotating.
3. Priction
The servo motor must be relatively free of friction
to ensure maximum speed can be attained in with minimal
torque by the motor. Minimal friction ensures that the
torque required for system response over a broad band of
frequencies is directly proportional to motor current. This
results in a simple linear system that is capable of
responding to a wide variety of inputs, including the square
wave mentioned above.
4. Accuracy
To be useful in accurately positioning the motor
shaft to a desired angular location, the servo drive
feedback system must have sufficient gain to move the
attached load in response to the slightest feedback signal,‘ -
even in the presence of some inevitable friction.
S. Stability
The system must be stable at the heightened gain

condition required for accurate control, that is, not be




subjected to high frequency oscillations while continuously
seeking to lock on to the preferred position. Stability is
also affected by the high frequency phase shift produced by
the inductance of the motor coils. It is possible to have a
condition in which the input stimulus is 180° out of phase
with the motor coil voltage, causing an unstable, runaway
motor response rather than the desired tracking of the input

signal.




III. EXPERIMENTAL PROCEDURE

A. GENERAL APPROACH

The general approach taken on developing a servo system
satisfying the aforementioned performance criteria was
broken down into five phases. The first phase of the
development was a mathematical modeling of a DC motor system
to a given input stimulus. The next phase involved the
circuit parts selection and design. The third phase was the
development of individual electronic subsystems within the
servo system on a prototyping breadboard. The forth phase
was the fabrication of a hard-wired version of the
electronics mounted on a sturdy platform. The fifth and
final phase was the testing and performance evaluation of
the finished system.

The following sections of this chapter detail the

methodology of the effort involved in each phase.

B. MATHEMATICAL MODELING OF S8YSTEM PERFORMANCE
1. Background
a. Feedback System Analysis
A servo system is basically a closed-loop,
negative feedback system that uses, at the very least, both
electronics and electromechanical components in portions of

the closed feedback loop. Before getting into specifics

10




regarding the composition of the servo system, a general
description of the components which comprise a generic
closed-loop (feedback) control system would be useful.
According to DiStefano, Stubberud, and Williams
(Ref. 1:p. 3], a closed-loop control system is one in which
"the control action is somehow dependent on the output."
They also define feedback as the characteristic of a closed
loop system which enables the system output to be compared
with the input so that the necessary control action may be
constructed as a function of the output and input. The
following figure is a block diagram of a feedback control
system adapted from DiStefano, Stubberud, and Williams
[Ref 3:p. 13].
The following definitions, also adapted from
DiSstefano, Stubberud, and Williams [Ref 3], apply to the
components of the block diagram:
e The plant, also known as the controlled system,
is the item or process that is to be controlled.
e The control elements, also known as the
controller, are the components which generate the
appropriate control signal to the drive the

plant.

11




Reference input

Feedback Control System

Actuating Manipulated Controlied
Signal Control Varsisble Output
—t—
Feedback
Signal
Feedback
Elements -
Pigure 2

Feedback Control System Block Diagram
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e The feedback elements are the components required
to form the functional relationship between the
feedback signal and the controlled output.

e The reference input is the external signal
applied to the feedback control system to execute
a specified action of the plant.

e The plant generates an output that is controlled.

e The feedback signal, also known as the loop error
signal, is the signal which is a function of the
controlled output. The feedback signal is
algebraically summed with the reference input to
obtain the actuating signal.

¢ The control signal is the quantity or condition
which the control elements apply to the plant.

e A disturbance is the undesired influence or
perturbation signal which affects the value of
the controlled output.

The terms defined above can be related to the
servo system designed in this thesis. The plant to be
controlled is the angular position of a motor shaft. The
control signal is the current produced by a high power
operational amplifier. The feedback elements are a shaft
position encoder, an encoder analog conversion circuit, and
a preamplifier circuit. The reference input will, in future
upgrades to the servo system, be generated by computer

though the use of a digital-to-analog conversion board. For

13




prototyping purposes, a signal generator provided the
reference input. The controlled output is the DC motor
shaft position. The disturbance is any undesirable external
perturbation that would cause the shaft angular position to
deviate from the nominal, desired'configuration. The
relationships to the other defined terms above are obvious.
b. Brief Review of Direct Current Motor Theory

A direct current motor is described by Kuo [Ref.
4:p. 167] as a "torque transducer that converts electrical
energy into mechanical energy." The torque is produced by
the interaction between a uniform, radially oriented
magnetic field generated by a collection of permanent
magnets and the current traveling in the armature coil wire.

Kuo [Ref. 4:p. 172] states that it can be assumed
in modeling a DC motor that the torque developed by the
motor is proportional to the magnet-armature air gap
magnetic flux and armature current. In order to achieve a
large torque from the motor system, substantial current must
be maintained on the motor.

c. Electrical Analysis of Motor Circuit

The electric current flowing through the motor
circuit is subjected to an impedance comprised of both
resistive and inductive terms. In addition, the rotation of
the armature coil through the magnetic field of the

permanent magnets generates a "back" electromotive force

14




(emf). The equivalent electric circuit can be modeled as

shown in Figure 3.

L R
+ O0— YN, ANAN
INDUCTOR RESISTOR +
N de
v in vb = Kf __
- dt
- O i
Figure 3

Electrical circuit model of DC motor

d. Mechanical Influences on System Performance

There are many similarities between the
electrical and mechanical impedances in the motor circuit.
Whereas the product of a resistive constant (resistance) and
electron flux (current) results in a force (voltage) in the
electrical sense, the product of a friction constant and
shaft velocity on moving parts of the motor system causes a
force in the mechanical sense.

In addition, much like the reactive load in the
motor windings discussed above, the performance of the servo
drive system is influenced by inertial loads from rotating

masses internal and external to the electric motor.
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2. B8olution of Differential Equation
Both electrical and mechanical components of the

influences on the performance on a DC motor can be combined
in a single differential equation describing the system
reaction to a given force (voltage). The mathematical model
employed in deriving the theoretical performance in the
servo drive system was adapted from DiStefano, Stubberud,
and Williams [Ref. 3: p. 107] and Kuo [Ref. 4: p. 171). The
following definitions will be used throughout this analysis:

i = Electrical current through the motor circuit.

L - Motor inductance

R - Motor winding electrical resistance

K; - Proportionality constant applied to shaft
rotational velocity to derive back emf voltage.

K, - Proportionality constant applied to current in
motor windings to derive torque output of motor.

vV, = Back EMF resulting from the rotating armature
Equivalent to K.de/dt.

® - angular position of the motor shaft.

T - torgque generated by motor.

B - total viscous friction from all moving parts.
J - Total inertial load (motor and load).

v, - voltage impressed on motor.

It is significant to note that Kuo includes an
additional term T (t) in his development of the differential
equations. According to Kuo, T, (t) represents the torque

that the motor has to overcome in order to have motion,
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i.e., as a result of static friction. This term creates a
great difficulty in formulating a solvable differential
equation, as it cannot be considered as a linear term. Kuo
states that it is set to zero after presenting the same
Laplace transform of the time dependent form of the
differential equation that is offered below. The term is
therefore also left out of the mathematical model in this
thesis.

With the above considerations in mind, the
differential equations of the motor armature circuit and the

inertial load are

Motor Armature Inertial Load

di de d% de
Ri+L— = v, -K — and Ki=J—+B — . (1)

dt dat dt? dt

The Laplace transform of the two equations in (1),

with initial conditions zero, is

(R+ sL)I =V -Kse and Ki = (Js? + Bs)e. (2)

A simultaneous solution of the equations in (2) to

establish a transfer function between V and 6 is

e(s) K,

= . (3)
V(s) (Js? + Bs) (Ls+R) + KKs

17




After rearranging terms in equation (3), an

alternate form of the transfer function is

8(s) K,/JL
= . (4)
V(s) s[s®+ (B/J + R/L)s + ((BR+KK,)/JL)]

The next step in solving the differential equation
entails breaking the quadratic term in the denominator into
the product of two expressions. Without going through the
algebraic manipulations, the quadratic term can be replaced

with

BL+RJ+X* BL+RJ-X*
s +——|{s +—mm| , (5)

2JL 2JL
where X = [(BL-RJ)? - 4JLKK,].

At this point, the transfer function is in a form
that can be solved using usual inverse Laplace
transformation methods. To reduce confusion in the solution
of the equation, the following substitutions will be made.

BL + RJ [(BL-RJ)2 - 4JLKK,]*

Let A= —MM and C = . {(6)
2JL 2JL

Equation (4) can therefore be represented in the

following form,

K, V(s) 1
B8(s) = . (7)
JL S (S+A+C) (s+A-C)

18




Employing the method of partial fraction
decomposition, equation (7) can be expanded to
K, V(s) X Y z

e(s) = . (8)
JL S (s+A+C) (s+A-C)

The method to determine x, y, and z is tedious but

algebraically straightforward. The solutions are
1 1 1
X=— , y= —-—-- ' zZ = — . (9)
(A2 - C2) 2C(A+C) 2C(C-A)

Combining eguations (8) and (9), the transfer
function is presented in a form capable of being converted
back to the time domain. The relationship between € and V

is

K, ] V(s)+ [ K, ] V(s)
JL(A2-C2) 2JLC(A+C) | (s+A+C)

. [ K, ] V(s)
2JLc(c-3a) | (s+a-c)

oco- |
S
(10)

Inverse Laplace transformation of eguation (10) to

the time domain is

K t
9(t)= [—t_] J V(T)d‘r + [__Kt_][v(t)#e'(k*mt]
JL(A2-C2) 0 2JLC (A+C)

(11)

_ [ K, V(t)ne*kcn].
2JLC (A-C)

19




Variables A and C are as defined in equation (6).
The system response is thus found to be the sum of three
terms. One term involves an integral over the time in which
the voltage is applied to the motor, while the other two are
the convolution of the voltage applied to the motor and an
exponential term describing the response of the system. The
numerical solutions of the equation given various stimuli
required the use of the commercial equation-solving program
called MathCAD.

Equation (11) was entered into MathCAD version 2.0
using hypothetical values close to those measured for the
actual motor used in this thesis. The results of MathCAD can
be found in Appendix A. The predefined units documented at
the last page of the MathCAD calculation were tracked by
MathCAD throughout the calculation to ensure the correctness
of the equations.

The convolution of the applied voltage with the
system response terms was the difficult part to the MathCAD
setup. However, noting that the convolution of two terms in
the time domain is equivalent to the multiplication of their
Fourier transforms made the time domain solution of the
equation relatively simple. The Fourier transform of the
terms were calculated and multiplied by MathCAD. The
inverse Fourier transform was then taken of the product.

The initial results obtained from this process did

not, however, turn out to be accurate. MathCAD apparently

20




applies a multiplication factor equal to the reciprocal
square root of the number of samples taken in the Fourier
transform. It apparently multiplies the inverse Fourier
transform by an identical factor. In the convolution
calculation, however, two frequency domain quantities are
multiplied and then their product is inverse transformed
back to the time domain. The net effect was that the
MathCAD output was improperly scaled by the factor described
above. This improper scaling is evident in the final
MathCAD calculation of the second and third terms of
equation (11).

The graph provided on the second page of the MathCAD
printout shows the motor response (no feedback) to a voltage
pulse of arbitrary length. The quadratic shape of the
response curve while the voltage is applied is typical for
the acceleration of the motor. The ringing in the output is
apparently the result of the motor internal inductance

reacting with the self-inductance back emf term, v,.

C. B8YSTEM DESIGN
1. Motor Selection
A Clifton Precision Model DH-3250-C-1, high torque
permanent magnet servo motor was selected from the Herbach &
Rademan Company in Philadelphia, Pennsylvania. The motor
was chosen because it would run on 12 volts direct current,

had dual shafts, was easily mountable, and could be run at
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12 amperes maximum current. The only documentation
available for the Clifton Precision servo motor was the
catalog specification. A copy of the catalog specification
is provided in Appendix B.
2. Power Operational Amplifier Selection
A National Semiconductor Model LM12 150 Watt
operational amplifier was chosen to power the servo motor.
The operational amplifier was chosen because it could
deliver 10 amperes (bipolar) from a wide range of supply
voltages. A specification sheet of the LM12 operational
amplifier can be found in Appendix C.
3. Power Supplies
Two Power-One Model HD24-4.8-A 24 volt DC power
supplies were chosen to drive the entire system. The power
supplies could each deliver 4.8 amperes of current, and were
available from the National Stock System. A specification
sheet for the Power-One 24 volt power supplies can be found
in Appendix D.
4. Cage Design
A sturdy metal cage was needed to house the motor
and to provide the means to mount a shaft position encoder
without allowing any mechanical flexure between the motor
and encoder. The cage design was set forth on the drawing

found in Appendix E. The material for the cage was
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standard shelving, heavy-gauge angle sheet steel with bolt
holes prepunched for easily assembly.
S. Shaft Position Encoder
A Clarostat Model 601V opto-mechanical shaft encoder
was chosen because it provided an inexpensive means to begin
the design of the servo subassembly. It requires only 5
volts DC, and provides TTL logic output in quadrature (90°
45° ), as shown in Figure 4, at a rate of 128 pulses per
channel per revolution. The only information available for
the Clarostat shaft encoder is the catalog specification. A
copy of the catalog specification for the shaft encoder is
found in Appendix F.
6. Motor - Encoder Coupling
A custom coupling was designed to connect the 0.5
inch diameter shaft of the motor to the 0.25 inch shaft of
the encoder. The coupling material was chosen to be
aluminum to minimize inertial effects while to maximize
torsional strength. Small set screws were installed on each
opening in the coupling to lock the shafts into position.
An engineering design drawing of the coupling is found in
Appendix G.
7. Encoder Analog Conversion Board
A circuit was designed to take the encoder digital
signals and to convert them to an analog voltage which

varied linearly with shaft angular position. The final
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circuit schematic is found in Appendix H. Low-power
Schottky TTL logic integrated circuit chips were used in the
design.

Square wave TTL pulses are sent from the encoder in
quadrature, which means that depending on the direction of
the rotation of the encoder shaft, the pulses on the encoder
channel A or B lead or lag each other by approximately 90?
The pulses on encoder channel A (pin 2) are fed to the clock
input on the first 74LS74 edge-triggered, D-type flip-flop
(Ula), the D input on the second edge-triggered, D-type
flip-flop (U1B), and also to a standard 74LS00 NAND gate
(U2A). Copies of the manufacturer's data sheets for the
74LS74 flip-flop and the 74LS00 NAND gate are provided in
Appendices I and J.

In the same manner, the pulses on encoder channel B
(pin 4) are fed to the clock input on the second edge-
triggered D-type flip-flop (UlB), the D input on the first
edge-triggered D-type flip-flop (UlA), and also to a
standard NAND gate (U2D).

The operation of the flip-flop/NAND gate combination
is straightforward. When the encoder is rotating in the
"forward" direction, the pulses from channel A lead the
pulses from channel B by approximately 90°¢ This causes
flip-flop UlA to latch a TTL "high" signal on the Q output.

This high signal causes the NAND gate to allow the negation
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'I - Approximately 90 degrees

lag in second channel pulses

Figure 4
Typical dual channel encoder signals in quadrature.

of the pulse train from encoder pin A to pass on to the up-
down counter, U3. As the pulse train from pin B of the
encoder fed to UlB clock input lags the pulse train from pin
A of the encoder fed to the D input, flip-flop UlB remains
off, with a TTL "low" signal on the Q output. With one
input to the NAND gate always low, the output of the NAND
gate is always high (when the encoder is rotated in the
forward direction). The 74LS193 up/down counter requires
this high signal on the inactive up or down input in order

to count the active pulsing input. A copy of the
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manufacturer's data sheet for the 74LS193 up/down counter is
provided in Appendix K.

Each up/down counter can maintain 4 binary signal
outputs. As the first counter exceeds its count at 15, it
passes a carry output to the second counter. In all, the
two counters can support a total count of 256 (0 - 255).
The 74193 up/down counters are fully programmable, that is
it has the capability of being preset to a certain level on
any of the 4 outputs by entering that level on the data
input (A,B,C,D) while the load input is low. That
capability was utilized in this design with 5VDC applied to
the 2.2K ohm resistor connected to pin 9 of the second
up/down counter, U4. Thus when switch SW2 is closed, the
overall count is programmed, or preset, *o 128. The intent
of this feature is to preset the nominal servo position,
corresponding to 128, so that the shaft position could then
be monitored for a full turn (128 pulses) in either rotation
direction.

The 256 binary counts are fed to an 8-bit digital-
to-analog converter (DAC), US. The DAC connections
conformed to recommendations in the typical application on
the DAC0808 National Semiconductor data sheet. The data
sheet is provided in Appendix L. The output of the
conversion board is a negative current that provides the
necessary signal input to the first stage of the amplifier

board.
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Two microswitches were designed into the circuit for
calibration purposes. The first switch, SW1l, sets the
position count to zero. The second switch, SW2, sets the
position count to 128, corresponding to the nominal
operating position. The intent of switch SW1 was to allow a
count reset in which the minimal voltage could be
established easily during the development of the system. It
serves no formal purpose in the finished product. Switch
SW2 is more important in that system setup and calibration
require the nominal position to correspond to the preferred
"zZero" shaft position. With the motor turned off (switch
SW3), the null offsets (R10 and R15) can be fine tuned.
After this initial set up, no additional tuning is
necessary.

8. Amplifier Board

A series of operational amplifiers boost the voltage
of the position signal to provide the necessary negative
feedback to the motor to servo it into position. The total
signal from the encoder circuit is input to the amplifier
circuit having a voltage range of approximately -10 to 0
volts DC (measured across the 2.2K ohm resistor R12 on the
feedback amplifier circuit schematic (Appendix M), depending
on the shaft position. A null offset is applied at the
input so that the input signal reads zero volts at the

nominal shaft position. This signal varies up or down on
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either side of zero volts as the shaft rotates clockwise or
counterclockwise.

Two LM324 quad operational amplifier ICs were used
in the final design of the amplifier circuit for simplicity
and board space limitation reasons. A copy of a
representative manufacturer's data sheet is provided in
Appendix N.

The values of the feedback resistors which determine
the amount of gain from each amplifier were chosen fairly
arbitrary; however, a few constraints had to be considered.
First, the input resistor to each amplifier stage had to be
fairly small, in the 1000 ohm range, so as to be much less
than the input impedance of the operational amplifier.
Secondly, the gain of each amplifier stage had to be fairly
small, on the order of 20 or 30, so that the null offset of
the encoder "zero" position could easily be adjusted. 1In
addition, with smaller increments of gain in each amplifier
stage, the overall circuit performance seemed to be more
stable than with a single large gain amplifier. Fine
adjustments to the circuit's overall feedback gain were
possible using standard grade potentiometers. Lastly, with
several amplifier stages, convenient voltage summing points
were available in the circuit during the prototype
development.

The signal is boosted to the level in which a shaft

rotation from the nominal position of %1 count on the
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encoder circuit causes (approximately) a *5 volt signal to
be applied to the motor power amplifier. Likewise, a shaft
rotation of +2 counts in either direction results in a %10
volt signal at the input to the motor power amplifier. The
signal is designed to saturate for three counts in either
direction at approximately *15 volts. A "potential well" is
therefore created that maintains a stable preferred
position. The selection of the voltage levels mentioned
above was a significant portion of the system development
and is discussed in greater detail in the System Testing
chapter.

A separate set of operational amplifiers serve as a
high-pass Butterworth-type filter to boost the higher
frequencies of the incoming position feedback signal to
enhance the servo system's response at higher frequencies.
Further discussion of the high frequency requirements for
this system can be found in the System Testing chapter.

9. Motor Driver Power Operational Amplifier

The amplified encoder feedback signal is sent to the
National Semiconductor LM12 150 Watt power operational
amplifier circuit. The schematic of the motor power
amplifier circuit is provided in Appendix O. The LM12 was
selected because of several desirable features. According
to its catalog specification sheet, provided in Appendix C,

the LM12 is capable of delivering 10 amps output current at
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any output voltage, while being completely protected against
overloads, including short circuits to the power supplies.
These features made the LM12 ideally suited to the expected
demands of a high torque servo motor.

Although the LM12 has internal overheating
protection, a heat sink was selected so that the power amp
could operated continuously high load with minimal
degradation in performance due to internal heat generation.
A large, extruded aluminum, black anodized heat sink
designed for a 3 pin TO-3 integrated circuit package was
modified to allow sufficient clearance for the unusual 4 pin
configuration of the LM12.

The basic design of the LM12 circuit is that of a
voltage follower. According to Rutkowski [Ref 5, p. 54], an
operational amplifier configured as a voltage follower
provides the circuit both an extremely large input
resistance while being fully capable of driving a low
resistance load.

The catalog specification sheet for the LM12
recommended that the voltage supply leads to the operational
amplifier be by-passed with low-inductance capacitors
having short leads and located close to the ILM12 package
terminals to avoid spurious oscillation problems. The
catalog specification claimed that the LM12 is stable with

"good-quality" electrolytic bypass capacitors greater than
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20 uF. A convenient value of 47 uF was selected for this
application.

Due to the highly inductive load that the servo
motor places on the LM12, output clamp diodes were installed
between the LM12 output and the voltage supplies to the
LM12. According to the LM12 catalog specification, the
stored energy in the load inductance can drive the output
voltage outside the supply voltages. The specification
states that, although the LM12 has internal clamp diodes,
extreme conditions can cause destruction of the IC. The
specification explains that National Semiconductor's
experience with the IM12 is that random failures will occur
if the output to the LM12 is hard-wire shorted when external
clamp diodes are not used and the supply voltages are above
+20 volts. As the LM12 is intended to be operated at
voltages of *24 VDC, the clamp diodes are very necessary.
Large diodes of type IN5408 were chosen for this purpose.

In the voltage follower configuration used in this
thesis project, the op amp is highly susceptible to low
amplitude oscillation. The oscillation, according to
Horowitz and Hill [Ref. 7, p. 245], occurs when the open-
loop phase shift reaches 180° at some frequency at which the
gain is greater than one. At that frequency, negative
feedback becomes positive feedback. This situation provides

the necessary condition for oscillation.
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To reduce the possibility of oscillation in an
uncompensated op amp such as the LM12, the manufacturer and
Horowitz and Hill [Ref. 7, p. 245] recommend unity-gain
frequency compensation. By utilizing the R-C combination
proposed by the manufacturer to reduce feedback at higher
frequencies, the LM12 was stabilized.

Further discussion regarding feedback oscillation in
the LM12 can be found in the electronics prototyping
subsection under the System Assembly section.

All wiring to the motor that would be expected to
carry loads over 1 amp was at least 14 gauge in thickness to
minimize voltage losses due to wire resistance.

10. Voltage Regulator Circuit

A final addition was made to the amplifier circuit
described above in order to provide for conversion of the
24 VDC input voltage to the +5 VDC and %15 VDC needed by
the operational amplifiers, and encoder DAC circuit and the
encoder itself. Three IC chips were selected to perform
this task. The LM7805, LM7815, and LM7915 chips were chosen
because of their availability. Capacitors were placed on
the output of each convertor to ensure a filtered voltage
output, as was recommended by the individual manufacturers'
data sheets.

Copies of the LM7800 and LM7900 series voltage

regulator data sheets are provided in Appendices P and Q.
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D. S8YSTEM ASSEMBLY
1. Motor -~ Encoder Cage Assembly

A sturdy metal cage was assembled following the
design in Appendix E, using heavy duty shelving braces. The
angular braces were bolted together using one inch long,
5/16" course-threaded bolts with lock washers and nuts. Two
strong bars were mounted horizontally on the front of the
cage spaced at a distance sufficient for the motor shaft
clearance. Two brackets were installed within the cage
approximately 6 inches from the front of the cage to provide
locations to bolt the encoder mounting bar.

The finished cage assembly was mounted to a one inch
thick piece of plywood to provide additional vibration
resistance.

A photograph of the completed cage - plywood base
assembly is provided in Figure 5.

2. Motor - Encoder Mounting

The next step in the assembly process was to mount
the DC motor and shaft position encoder in the cage. Four
holes were drilled in the 1 1/2" wide mounting bars on the
front of the cage in locations corresponding the hole
pattern on the front of the motor. Four 1/2" long 8/32
stainless screws were installed to secure the motor to the
mounting bars. The mount was considered sufficiently sturdy

that rear mounting bars were not used.
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Figure 5
Photograph of Cage Assembly and Plywood Base
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An aluminum motor-encoder coupling was mounted onto
the rear 1/2" diameter shaft. A photograph of the finished
coupling is provided in Figure 6. The coupling was secured
to the motor shaft using a 6/32 set screw. A 9/16" hole was
drilled in a 6" long, 1 1/2" wide horizontal bar to
accommodate the encoder mounting shaft. Two 3/8" holes were
drilled at opposite ends of the bar to mount to the brackets
within the cage.

A simple procedure was followed to avoid preloading
stresses on the encoder shaft. During early tests the
preloading stresses were found to cause a great deal of
rotational friction. The encoder was loosely inserted into
the motor-encoder coupling and all mounting bar bolts were
first tightened. Next, the encoder shaft nut was tightened.
Finally, before tightening the encoder shaft set screw, the
coupling alignment was rechecked by rotating the motor shaft
while ensuring that the encoder shaft did not rotate.

A photograph of the motor and encoder mounted in the
cage is provided in Figure 7.

3. Assembly of Power Operational Amplifier.

After modifying the aluminum heat sink mounting hole
pattern to accommodate a 4 pin TO-3 IC package, the LM12
power amplifier was installed in the aluminum heat sink

using two 3/8" long 6/32 screws. A thermally conductive
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FPigure 6
Motor-Encoder Shaft Coupling Photograph
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Figure 7
Photograph of Motor and Encoder Mounted in Cage
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heat sink compound was used to ensure good thermal contact
between the IC package and the heat sink.

It is important to note that the case of the IM12 is
the negative voltage supply input. The heat sink is, in all
likelihood, at a potential of -24 VDC when the system is
powered up. This was not a problem during the prototype «
testing because the heat sink was mounted to a plywood base.
If it is to be in electrical contact with ground or any
other component in a future design, a thermally conductive,
electrically insulating washer such as mica or anodized
aluminum should be installed between the IC and the heat
sink and some thermal compound should be placed on both
faces of the washer.

A photograph of the LM12 power operational amplifier
mounted on the heat sink is provided in Figure 8.

4. Electronics Prototyping

a. Encoder Analog Conversion Circuit

The encoder analog conversion circuit was first
assembled on a Global Specialties Protoboard Model PB-503.

A photograph of the protoboard is provided in Figure 9. The

protoboard was ideal as it provided the +5VDC, *15VDC and a ‘
common ground point needed for the ICs and encoder described

in the System Design section C.7. The protoboard also

provided an excellent reference signal in the form of either

a square, triangle or sinusoidal waveform.
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Pigure 8
Photograph of LM12 Op Amp and Heat S8ink Assembly

39




rigure 9
Global Specialties Protoboard Model PB-503
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The prototyping of the encoder analog converter was
very successful in that the early design produced a uniform,
linear, digital-to-analog converter output as was needed.

One point worthy of note concerns the DAC positive
reference current, I,,. According to the manufacturer's
data sheets for the DAC0808 Digital-to-Analog converter, the
maximum current to be applied on pin 14 is 5 mA.
Unpredictable output from the DAC resulted from accidently
exceeding the I, current limit during prototype testing.
Care must be taken in ensuring the resistor value between
pin 14 of the DAC and +15 VDC is greater than 3000 ohms. A
resistance of 6.2K ohms was determined to provide
satisfactory stability over the full range of voltage output

by the DAC.

b. Feedback Amplifier Circuit

After the prototype encoder circuit was
transferred to a hardwired circuit card, an amplifier
circuit was prototyped on the same protoboard mentioned
above. The amplifier circuit initially employed several
IM301 high gain operational amplifiers. They were used
because of their easy availability and simple design. A
copy of the LM301 manufacturer's data sheet is provided in
Appendix R.

The prototyping of the amplifier circuit was very

difficult because of the author's lack of familiarity with
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the operation of the LM30l1 op amps. Several unsuccessful
designs were attempted. After many instructional meetings
with the thesis advisor, a successful combination of
inverting operational amplifiers tied together in series was
found experimentally to address these problems. An
approximate total gain for the feedback amplifier section .
was determined early in this phase of the circuit design.
The difficult issues were how to provide for summing points
for the amplified feedback signal and the reference input,
such that they would not interfere with each other. This
was dealt with during prototyping by providing an input
preamplifier stage to the feedback and reference signals
before the two were summed. The feedback preamplifier stage
had a gain of 20, while the reference signal input required
unity gain.

The LM301 operational amplifiers were eliminated
from the final design because they required too much board
space and were not internally compensated for frequency
response. As the system was not expected to be run at very
high frequencies, circuitry with adjustable frequency
compensation was deemed unnecessary. In addition, during !
several instances in prototyping, the LM301 operational
amplifier stages would apparently interact, lose stability
and go into high frequency oscillation.

To simplify the amplifier design by reducing

components, the four LM301 Operational Amplifiers needed at
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the time were replaced by a single LM324 quad op amp that
had the same high gain characteristics of the LM301 but
included internal frequency compensation. This meant a
minimal number of external components were necessary to
support the IC. The 1LM324 was also found to provide a much
more stable signal at high gain than did the series of LM301
ICs.

Adjustable input voltage offsets (potentiometer)
were added to particular operational amplifiers to calibrate
the zero position of the encoder. After a successful test of
the feedback amplifier was achieved, the author considered
ways to improve the feedback signal by stabilizing it very

large gain.

During prototype tests with the LM301 op amps,
however, the author found that at large preamplifier gains,
the motor position would be unstable and the motor would
vibrate at what appeared to be a natural resonant frequency
of about 25 Hz. Several attempts were made to design
circuitry to eliminate motor vibration at these upper gain
levels. The first attempt was to insert a low pass filter
inline with the preamplifier stages to suppress gain at
frequencies above approximately 25 Hz. A standard design
was adapted from Jung [Ref. 6, p. 498]. A copy of the low
pass filter schematic and component values are provided in

Appendix S.
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The low pass filter was not successful in
eliminating the vibration. The system response was
decreased (no higher frequency response components), and the
oscillations both grew larger in amplitude and shifted to
lower frequencies.

A band-elimination filter to eliminate the 20-30
Hz range was considered briefly, but it was not actually
implemented. It was felt that, if a 25 Hz excitation was
placed on the servo system, it would not respond.

Therefore, the design seemed unacceptable in this form and
was not tested further.

A final effort at eliminating the oscillation was
made with a differentiator circuit placed in a negative
feedback arrangement in the preamplifier stages. The idea
was to use the differentiator as a type of electronic
"friction", as it would perform a differentiation of the
voltage in the feedback loop. Differentiating the voltage
analog of the system's "acceleration" produces a voltage
analog of "velocity". As frictional torque is a velocity-
dependent concept, it was felt that introduction of
artificial friction into the system could cut down the Q of
the oscillation, thereby stabilizing the response.

The attempt at a useful differentiator circuit is
shown in Appendix T. The circuit design was adapted from
Jung [Ref. 6, p. 365]. This circuit proved to be

unsuccessful because of the discrete nature of the encoder
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output. Each step in the encoder output resembles an
infinite acceleration, and thus tends to drive the
differentiator circuit into producing a delta function-type
spike at its output.

After several unsuccessful attempts with the
different feedback filter configurations, the LM324 Op Amps
were introduced as mentioned above, which stabilized the
feedback considerably. At this point, it was the author's
judgement that boosting the high frequency components of the
feedback signal would help better stabilize the motor as
well as increase the overall system response.

A 100 Hz, two pole Butterworth high-pass filter
design, adapted from Horowitz and Hill [Ref. 7, p. 274], was
placed in the preamplifier stages. The high-pass signal was
amplified and summed with the feedback signal at the point
where it is fed to the motor power amplifier. This
arrangement not only boosted the frequency response of the
system to broad-band inputs such as square waves, but also
served to stabilize the feedback loop.

c. Motor Power Amplifier Circuit

The author's original thoughts in the prototyping
design of the LM12 power amplifier were to configure the IC
in a high gain configuration, thus reducing the need for a
complex system of preamplifiers. Many unsuccessful attempts
were made to vary the feedback values to produce a stable

motor drive signal. 1In every instance the LM12 output
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suffered from high frequency, low-amplitude oscillations and
instability. Reconfiguring the LM12 as a voltage follower
with input compensation eliminated the problem. As part of
the original prototype input compensation, a 5K ohm resistor
was placed in parallel with a 200pf capacitor at the input
to the LM12. During later system tests, the author found
that removing the resistor/capacitor combination on the
input boosted the gain of the system, while the output
remained free of oscillation.

The early prototype design of the LM12 power
operational amplifier circuit included a 5 ohm resistor and
a 4u henry inductor combination in series with the motor
load. The manufacturer's data sheet for the ILM12
recommended inclusion of these components to improve the
amplifier's performance when driving highly reactive loads.
During system tests the resistor value was repeatedly
reduced by trial-and-error, and system performance improved
with no side effects. During most of the prototype testing
period, a 1 ohm high wattage output resistance was used.
This resistance approximately halved the power delivered to
the motor. Once final trimming of the amplifier's response
was completed, the resistor/inductor combination was
removed. The motor shaft torque dramatically increased as

all of the circuit power was then available to the motor.
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5. 8ystem Hardwiring
a. Circuit Boards

Following the prototype testing of the encoder
analog conversion and amplifier circuits, a more permanent
version of each circuit was assembled on a soldered circuit
board. The operation of the completed boards was
functionally identical to the circuits assembled on the
protoboards. Screw lug terminals were attached to wires
leading to and from the circuit boards to ease in
maintenance. Pin-to-pin connections between ICs were done
using above-board wire jumpers that were soldered on the
under side of the board. The ICs were fixed to the board
using appropriately sized solderless IC sockets.
Photographs of the encoder analog conversion and amplifier
circuit cards are provided in Figures 10 and 11.

After assembly, the circuit cards were mounted to
the system plywood base using round head wood screws and
aluminum standoffs. Lastly, the wires leading to and from
the circuit cards were attached to terminal blocks also
mounted on the plywood base.

Drawings of the component locations on each of
the encoder DAC and feedback amplifier circuit cards are
provided in Appendices U and V. All components which could
require adjustment are identified as is the input/output

wiring of the circuit cards.
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Pigqure 10
Photograph of Encoder Analog Conversion Card.
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Figure 11
Photograph of Amplifier Circuit carad.
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b. Motor Power Amplifier Circuit
The LM12 power operational amplifier and heat
sink assembly discussed in the System Assembly section of
this thesis was mounted to the plywood base. The LM12 pins
on the underside of the heat sink were connected to a screw-
type terminal block with 14 gauge wire. The additional
circuitry comprised of output clamp diodes, supply voltage
capacitors, and input compensation were mounted on the
terminal block for accessibility. In a more permanent
system, these components should be mounted as close as
possible to the pins of the LM12 to further eliminate
spurious oscillation problems.
c. Completed System Configuration
A photograph of the completed servo motor system
is provided in Figure 12. The reference signal input was
mounted in the front to the left of the motor-encoder cage
with a BNC input connection. Supply voltage is routed to a

terminal block mounted toward the rear.

E. S8YSTEM TESTING
1. Preliminary Prototyping S8etup Testing
a. Shaft position/feedback signal levels
The key to the performance and stability of the
servo system was essentially the determination of the degree
of feedback that corresponded to an incremental deviation in

shaft position that registered as a change in the encoder's
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Figure 12
Photograph of Completed Motor Servo System
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least significant bit (LSB). Through tests during the
prototype development, the author found that the optimum
setting of the feedback signal from the amplifier circuit to
the motor power amplifier was +5 volts for such a LSB change
of the shaft encoder output (saturating at *15 VDC). Any
more amplification of the feedback signal would cause the
system to behave like an undamped oscillator. 1In that
configuration, the system would be metastable and break into
oscillation at the slightest disturbance from its initial
equilibrium state. The *+ 5 VDC steps provided a sort of
"potential well" where the motor could quickly and safely
stabilize at its nominal position.

The test conducted to make the determination
described above was fairly simple in nature. The voltage
level of the feedback signal being fed to the motor power
amplifier was monitored on a Tektronix Model 2336, 100 MHz
oscilloscope like that shown in Figure 13.

A *5 volt square wave signal was fed to the
reference signal input port. While the motor was responding
to the reference signal, the gain on the final stage of the
amplifier circuit was increased by adjusting the board-
mounted potentiometer. Once the system lost stability due
to the increased gain, the potentiometer resistance was
slightly reduced to the point where the response was

consistently stable.
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Figure 13
Photograph of Tektronix Model 2336 Oscilloscope
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To determine the feedback voltage levels, the
reference signal was removed. The motor was disabled with a
.switch in the wire between the motor's negative terminal and
ground. The motor was turned by hand in order to vary its
position by only a few positional bits in each direction
while watching the voltage of the feedback signal on the -
oscilloscope. Thus the feedback voltage levels were noted.

Three conditions of gain versus system stability
were measured and are presented graphically in Figure 14 to
illustrate their relationship in the servo system. The
first (top) line in the graph represents the gain which the
system is metastable, i.e., any perturbation would set the
motor into oscillation. The second line is the optimal gain
condition at which the system has maximum torque and
consistent stability. The third line represents the gain
value at which the system response is significantly
diminished. Due to the digital shaft encoder, the graph
displays the discrete values of feedback gain versus
rotational deviation.

Potential wells analogous to that of a damped
harmonic oscillator are superimposed in dashed lines on the ’
graph in Figure 14 to provide a correlation to the discrete
system response. A steeper slope (high gain) corresponds to
an underdamped motion; which, in the case of the servo
system, results in metastable behavior. Slightly below the

system's metastable gain region is the optimal operating
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condition. This is analogous to a critically damped
harmonic oscillator. Further reduction of the system gain
in turn diminishes the system response and the behavior
becomes sloppy. This correlates to the overdamped motion of
the harmonic oscillator.

2. Motor Speed Test

A motor speed test was conducted to ascertain a
baseline performance measure of the system. A low frequency
(5 Hz) square wave at approximately 2 volts peak-to-peak was
used as the reference signal. The system response signal
was taken from the output of the first stage of the
amplifier circuit so that the response was adequately
buffered by the amplifier stage.

The photograph of the oscilloscope trace (Figure 15)
provides clear evidence of the superior speed and tracking
ability of the feedback system. The dots in the system
position response trace are the result of the discrete
voltage output of the D-A converter in the Encoder Analog
Conversion circuit. As 128 pulses are generated by the
encoder per shaft revolution, each dot in the trace
represents 360° /128, or approximately 2.8; of shaft
movement. Counting the dots reveals that 36.4° of shaft
movement occurred in 20 milliseconds. It is also noted that
the shaft was locked into position within 40 milliseconds of

arriving at the 1/e rise time position. Therefore, it is
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Figure 15
gervo Motor Speed Test - Oscilloscope Trace
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safe to assume that the system response time constant falls
in the 20 - 40 millisecond range, corresponding to a
frequency bandwidth of 25 - 50 hertz.
3. Motor Torque Test

A test was conducted to determine the torque
capability of the system under a static load. A torque test
bar was designed as shown in Appendix W. A photograph of
the test being conducted is provided in Figure 16. The
motor supported a 250 gram load at a right angle to a moment
arm of 10.0 cm for approximately 30 seconds. The torque of
the system was therefore calculated to be 0.245 N-m. The
power amplifier and heat sink were extremely hot after the

test, but the system performance did not deteriorate.
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Figure 16
Photograph of Torque Test Setup
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IV. BUGGESTIONS FOR FURTHER RESEARCH AND SYSTEM ENHANCEMENTS

The system fabricated under this thesis works superbly
as designed. However, positioning the orthogonal function
image mask to the resolution needed for the imaging system
proposed by Davis will require a shaft position encoder with
at least 100 times finer resolution.

Referring again to Figure 14, the discrete nature of the
position encoder used in this thesis project would force the
system to be metast-.’'le at gain levels much lower than that
possible with an analog feedback system. The system behaves
much like a marble in a box. The position of the marble in
the box is difficult to stabilize if the box is disturbed.
However, a marble placed in a smooth bowl and disturbed will
inevitably return to the nominal (center) position. With
proper damping, the marble will quickly settle on the
nominal position.

TH make the system behave in a similarly smooth manner
as the marble in a bowl described above, an encoding scheme
is under development in another thesis study to employ a
phase-locked loop analog feedback system instead of the
simple digital version employed in this thesis project.

With the analog feedback, much greater system sensitivity

will be possible. Likewise, it should be possible to
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increase overall system gain once the transients associated
with the current low resolution encoder are eliminated.
Future feedback system enhancements planned by Davis,
such as using the differentiator feedback circuit to induce
the artificial friction mentioned in section D.4.b., will
also help stabilize the circuit at much larger feedback gain

levels.
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V. CONCLUSIONS

The development of a baseline, highly capable and
upgradeable servo system for an imaging spectrometer system
was successful. This thesis offers incontestable proof of
the power, stability and precision of the servo system while
utilizing a digital shaft encoder only accurate to +1.5?
The exercise of developing a theoretical mathematical model
of the system response proved extremely useful in
understanding the system's actual behavior when reacting to
a pulse-type voltage stimulus.

The work on this servo system, however, is far from
complete. Following the development of an analog phase-
locked loop system, the system will enjoy much higher gain
in the feedback signal while maintaining excellent

stability.

62




Reference List

NASA Space and Earth Sciences Advisory Council, SOFIA:
Stratospheric Observatory For Infrared Astronomy, pp.
1-14, Ames Research Center, 24 May 1988.

Davis, D.S., "A New Technique for Efficient Multiplex
Imaging and 1Imaging Spectroscopy," Paper in
Preparation.

Distefano 111, J.J., Stubberud, A.R., Williams, I.J.,
Schaum's Outline of Theory and Problems of Feedback
and control Systems, McGraw-Hill Book Co., 1967.

Kuo, B.C., Automatic Control Systems, Englewood
Cliffs, New Jersey: Prentice-Hall, Inc., 1987.

Rutkowski, G., Handbook of Integrated-Circuit
Operational Amplifiers, Englewood Cliffs, New Jersey:
Prentice~Hall, Inc., 1975.

Jung, W.G., IC Op-Amp Cookbook, Indianapolis, IN:
Howard W. Sams & Co., Inc., 1974.

Horowitz, P. and Hill, W., The Art of Electronics,
Cambridge: Cambridge University Press, 1989.

63




- APPENDIX A
CALCULATION OF MOTOR RESPONSE TO PULSE WAVE

Define Variables

2 sec
L := 005 H J := Skgm K 1= 200N m-
f coul
sec
B := .1 Nm zec R = 1°Q K t= ,05'N'm-
t coul

Derive Constants

2
(BFL-RJ) -4JLK K
BL+RJ : t £
A= —m C :=
2°JL 2-JL
-1
mm := 8 Ampl := 10° VOLT A = 100.1 time
mm -1
LL := 2 C = 97.878 time
Define Convolution Terms
q :=0 .. (LL - 1) V() := if¢jt| < .5,Ampl,0 VOLT)
Note g is time variable
sec sec
-(A+C) @ — ~(A-C) q —
LL LL fq]

Gl := e G2 := e vV = VL"'J

q q q LL
Derive Fourier Transform of Convolution Terms
ddl := cfft (Gl) dd2 := cfft (G2) f := cEFL (VYY)
Multiply Transforms -> feconvl = £ -4ddl fconv2 := f -dd2

q 9 q g q q

Perform Inverse Fourier Transform TOL := .0S

convl := icfft(fconvl) conv? := icfft (fconv2)

Calculate all response terms
q
K ——
t LL
Firstterm := : V(r) dr sec

|'2 2]
JL|\A ~C o
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X

Secondterm :=
q A+ C

©® := Firstterm + Secondterm

convl

K -sec
t

firzae

Thirdterm
q q

- Thirdterm
q q

X

‘conv2
A-C q

<~ This step was done to start at zero (round errors)

1S

..-"x..«"l.-"""ﬂ‘"*l-""'
\A S -
,40° Onew e
VOLT 9 | ..lL.'N
A ’
...‘.Ill"'.
.-i".'.- [
o
/"'f
-
- - -
.-/-/-i
0 el
0 n LL -1
Time

Plot of square voltage pulse on motor to motor angular response

65




kg m

secC

JOULE = N'm

Define units

sec = 1T coul = 1Q
2 4
coul "sec
2 F«a —
kg'm 2
He= kg'm
2
coul
2
coul kg'm
AMP = VOLT =
sec 2

sec -"coul

66

kg = 1M

2
kg'm

sec coul

w =2 —
secC

2




APPENDIX B

HI-TORQUE
PM FIELD
SERVO
12 VOLTS DC
1800 RPM
Clifton Precision #DH-3250-C-1 . . . Dual shaft
(ball bearing). Technical specifications:
Peak Torque 100 in-oz. at 12 Amps max.
Continuous Torque 38 in-0z max. ,
Rotor Inertia 0.0038 in-0z per sec?
Torque Constant 8.55 in-0z/Amp
Terminal Resistance 1.1 Ohms

Dual shafts 1/2 dia. x 0.937" and 0.88". Shaft end
mounting with three tapped 6/32 holes at one end
and four 8/32 tapped holes at opposite end. Motor
3.25" dia. x 2.875" long. Screw terminals. New.
Shpg Wt, 5 ibs.

TMB8IMTR5615
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Lm12

APPENDIX C

National
Semiconductor

LM12 (L/C/CL) 150W Operational Amplifier

General Description

The LM12 is a power op amp capabie of driving £ 35V at
3 10A while operating from 40V supplies. The monolithic
IC can detiver 150W of sine wave power into & 41} load with
0.01% distortion. Power bandwidth is 80 kHz. Further, a
pesk dissipation capability of 800W allows it to handie reac-
tive loads such as transducers, actustors or small motors
without derating. important features include:

8 input protection

8 controlied turn on

8 thermal fimiting

8 overvoltage shutdown

8 output-current limiting

B dynamic safe-ares protection

The IC delivers 1 10A output current at any output voitage
yet is completely protected against overioads, including
shorts 10 the supplies. The dynamic safe-area protection is
provided by instanianeous peak-temperature limiting within
the power transistor array.

The tum-on characteristics are controlied by keeping the
output open-circuited until the tota! supply voltage reaches
14V. The output is also opened as the case temperature

exceeds 150°C or as the supply voltage approaches the
BVceo of the output transistors. The IC withstands overvolt-
ages to 100V.

This monolithic op amp is compensated for unity-gain feed-
back, with a smali-signal bandwidth of 700 kHz. Slew rate is
SV/us, even as a foliower. Distortion and capacitive-losd
stability rival that of tha best designs using complementary
output transistors. Further, the IC withstands large differen-
tial input voitages and is well behaved shouid the common-
mode range be excesded.

The LM12 establishes that monolithic ICs can deliver con-
siderable output power without resorting 10 complex switch-
ing schemes. Devices can be paralieled or bridged for even
greater output capability. Applications inciude operational
power supplies, high-voltage regulators, high-Quality audio
amplifiers, tape-head positioners, x-y plotiers or other ser.
vo-control systems.

The LM12 is supplied in a four-lead, TO-3 package with v~
on the case. A goid-eutectic die-attach to & motybdenum
interface is used 10 avoid thermal fatigue problems. Two
voltage grades are avaiiable; both are specified for either
military or commercial temperature range.

Connection Diagram Typical Application*
4-pin giass spoxy TO-3 .5
socket is available from n
O AUGAT INC. —{ .

Pant number 8112-AG7 3.3k (- out

w' -N ~ ﬁ
b3 - 22
o o ':'"‘ 3 tM12
L
o O 3900u| fur7s2
B 3als ]
v O N ‘common .j’lwﬂ MR752
v - 1
Pt v
V-(CASE) TUHATDS-2
e TL/H/8704~1 “Low distortion (0.01%) audio amplifier
Sottom View
Order Number LM 12K, LM12CK or LM12CLK
Seoe NS Package Number KO4A
‘
—
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‘Absolute Maximum Ratings .
v sgiitary/Asrospace specified devices sre required, Junction Temperature Note 2

contact the National Semiconductor Saies Storage Temperature Range ~65°C 0 150°C
otfice/Distributora for avaliabliity and specifications. Lead Temperature (Soidering, 10 seconds) 300°C
Towl Supply Voltage  LM12/LM12C 100V €S0 Rating to be Determined.

' LM12L/LM12CL sov
ect Votage Note 1 Operating Ratings
ox LM12U/LMI2CL 15V to 60V

glectrical Characteristics note 3

e

Typ LM12 e :
Parameter Conditions 25C LML LMi2CL Units
Limits Limits
Input Offset Voitage :(:MW_‘OVS € £0.5Vmax, 2 7118 15/20 mV (max)
input Bias Current V- +4vsVoysvt -av 0.15 0.3/1.0 0.7/4.0 #A (max)
jnput Otiset Current V- +4V s Vo sVt -2v 0.03 0.1/0.3 0.2/0.3 pA (max)
Common Mode V- +4VSVoysVY -2v .
Rejection 88 75/70 70/88 dB (min)
Power Supply vt = 05Vuax d8 (min)
feiect ~6V2 V™ 2 ~05Viax 20 75/70 70/68
e VZ°;" ;’ e 110 80/78 75170 48 (min)
Output Saturation ton = 1ms,
Threshold AVin = 5(10) mV,
lout = 1A 1.8 22/2.8 22/2.8 . V (max)
8A 4 s/7 s/7 V (max)
10A ] 8 V {max)
Large Signal Voltage ton = 2ms, .
Gain Vsar = 2V, lgyr = 0 100 50/30 30720 V/mV (min)
Vsar = 8V, R = 40 50 20/18 15/10 V/mV (min)
Thermal Gradient Ppiss = S0W, ton = 65 ms
Feedback 30 50 100 KV/W (max)
Output-Current ton = 10 ms, Vpigs = 10V 13 16 16 A (max)
Limit
ton = 100 ms, Vpyss = 58V 1.5 10/0.8 0.9/0.6 A (min)
1.5 17 17 A (max)
LM12/LM12C
ton = 100 ms, Vpigs = 78V 0.7 0.6/0.4 0.5/0.38 A (min)
Power Dissipation ton = 100 ms, Vpigs = 20V 100 90/40 80/88 W (min)
__Rating Voiss = 58V 80 58/38 52/38 W (min)
OC Therma) Resistance (Note 4) Voiss = 20V 23 26 29 *C/W (max)
. Voiss = 58V 2.7 40 45 *C/W (max)
AC Thermal Resistance {Note 4) 1.6 1.9 2.1 *C/W (max)
~Supply Current Vour = 0. loyT = 0 60 80/90 120/140 mA (max)

l«-s.waMwnmmwmmummmmwmmmwwmmmwmvov
e LM12/LM12C or 60 voits for the L1 2L/LM12CL.

Note 2 Operating ju is i y Bmvted near 225°C within the power raneistor and 180°C for the control circuitry.

Note 2, The supoly vorage 1 £40V (Viuax = 8OV) for the LMI12/LM12C and £ 30V (Viuax = 60V) Sor the LMIZL/LMI2CL, uniess otherwise specified. The
"ORage acroes the conducting Sutput Fansistor (supoly 10 OUtPUL) ls Voxss 8nd & ! powsr 18 Ppigy. Temp range s —56°C < Tg < 125°C for
"mwu“nmmsrcswcmmazcnmza.mfcnnau‘ Standard typet fimits st 25°C while b~'“face type
"ﬁ'hmwwmmmmmwmmmmumﬂmnnnndsﬂmw|de

son,

Wete & This thermal resistance is based upon & peak tempersiure of 200°C In the center of the power and e case ol 25C d atthe

S*%ar of the package bottom. The o of the control cirourtry can be eetmated based Upon & dc hermal resetance ol 0.8°C/W or an ac

"deo.mmwmm

”Moh the output and supply leads are resistant to electrostatic discharges from handling, the input leads are not.
part should be treated accordingly. -

\ - .
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APPENDIX D

oPower.one

INTERNATIONAL SERIES
OC POWER SUPPLIES

o you plen te detrbute )-:“ Sresucts werldwide,
09encCy eoprovels cen vimplified by specit ro‘u-oq'_
wremanova senes . T y wecitine e DRAWING NO. 51281 REV. L
SPECIFICATIONS AND APPLICATION DATA
YAGE T RATNG CHART tEALRES
o SOURREN TING parvey construction - Full reted to 30°C
§ § = $.05% requietion. = Remets sense = mest sutpuls
NMEIEY > -&muu-mml-ummm
21213121 al21@]>121214] 318 |- Ouse notches tor AC input - OV o 5V eutputs
MODEL bl B4 H L e BN EL S «n/ﬂu/mn)o-zw VAC - 3 howr burn-in ;m
SNGLE QU = Wnduntry = Feldback /ourrent
HAS—1.5/0vP~ 18 s [ SEEQECADONS
HAIS=0.9-A o 8 §AC PyT: 100N 20/220/230-240 VALs 40X, =13 47-6Mg
MA24~-0.5-A pS o N ouiput murent 10K for 30 Mz speretion.)
Ho2-3-4 3.0 0 See AC eomection tenie wnder APPUCARON NOTES
M§5—-3/0W-4a 30 . for jumper inlormotion. Fuse inlermetion B ment
HI2=1.7=A .7 " 10 ouline end mounting Wewings.
NE15—-1.9~A 1.5 8 {oc oymrur: Se0 Vellege/Curant Reting Chart. Adjmiment rangs
ozs_1oA" 2 . pre’ (witege o HAD maswn)
HC2-8~A .0 o S UNE RORANOR 03X o 10X Bee aroren, (51 for KAD modui)
%smq 6.0 14 C JLOAD REGULANON:  +.03K for & 50K lood shange. (21X for HAD madusn)
HC1S-3—a 30 E OUTPUT APPLE: IV W 15V eutputs  S.0MY PP merimum.
HC24=-2.4=A 24 [ 24V 9 290V svtpuis  3.0MVe.02%Veut Fu-Ph Mgpenun.
HC28-2-A 20 ¢ (MAD medeie  O.1XVewt PuePh mevimaem.)
HO2~-12-A 12.0 D | TRANSIENT RESPONSE: for @ 30 to 100K lood
HOS-12/0VP-4 12,0 0 1 sw0nr amaat oo -
ot e 88 0 {0 ovem.oa0
A 60 4 N0 Autometic current
HD24~4.8-A .8 b |Pmovec Ry Y
HO28-4-4 4.0 D ] OVERVOLTAGE
HE2-18=-A 168.0/ € | rroOTECTION: Bult=in on o SV evtputa. Set ot £.2VOC 0.4V,
HES=18/0W=a 18.0 € Other sutpuis may ves eptisnal svurvellogs protection.
HE12-10.2-4 10.2 E RONOT SENSING:  Provided on mout messia, tpen 30nes te0g protestion
ne2emy s so 72 £ Sult=h.
4=7.2-4 .
HEQB-8=4A 8.0 5 STABUTY: 2038 for 24 haar perind oler | howr vem-up.
MNS~2/0VP-A 9.0 N ] TEwPERATURE . rc 1o 50°C Mdi—reted. dwnted Mnearty to 40K &t 70°C.
H12=-81=-A S N RaTwG: cn.a forcad o casling raquirsd ts mest EC 380/930
HN15—d.5-A 48 ~ ..-. 80X of 1ot reted eutput power.
HN24=-) 6~A 3 N | TEMPERATURE
HN2B-3—A 3.0 N_| COEFRCENT: L03R/°C mazivum.
AL_QUTPUTS EFRCIDICY: ;v to 3V sutpuix ¢n
HAAS—1 3 /GVP — ] Y I AL (ypice) 12V and 15V eutotx
na '22‘&::: Al et e AA 24V Wroveh 28V & av Wrough 250V euiputs S0X
HAASIZ-A R4 o :: VIBRATON: Por WRL~STO=-$10D.Methed $14.3.Cotogary 1. Precesurs L
HAD12-0.4-4 o4 0 |swock: Por W, ~$TO-8100Msthed 316.3 recetre B.
HAD1S-0.4-4 X ] * Totorancs for 2J0VAC opwrstion is ¢13X, -10%
HEBS~3/0W~a 30 ] Nele:  specificationt Bubjact 1o chonge witheut netice.
19915~).5-A AT w17 et [
H8B24~1.2-A 0911.2] eof WARRANTY
“8s512-4 0] PORER-ONE, NC. werrents eech power wpply ol Ra menutecture
HCeS—-8 /0P~ §0 CCl thot dous nol parform teo published soecificotions, ee @ remult of
@ti““_‘ “"‘u.u&‘ defectivg metericls o wortmenshg, for ¢ period of tee (2) it
MOCS)2-A P youry fram the ¢ete of erigingl delivery.
HOOVS— 34 50 o 8.0 €. ] POMR-ONE. NC. sssumes ne hisbiities for the censequentisl
TRPLE OUTPUTS domages of eny kind Uwaugh the use or misvie of Ra products
HTAA= 1§ W=-A 04 w04 04 A | B he purcheser or othars. No other sbligetions or Kebities
HOAA - SOW A teife BAA] 0 Swressed o Implied
HCAA-GOW=4A -g;- rrx [
HCPE - 7SW-A Ol wi] e co8 PRI F AIR
088 ~103W=4 CIX ARE ) V08| Piesse icliow this precetury shen retlurmng Products for servicing:
Nn-a LK AR AR n
MG vOL TAGE 1, Cantect Pover=Ona’s Custemer Service Department for
$7007 <750V TASl]  outhoritetion te retun products
MB48-0.9-A POWCR-ONE, NC. PHONE: (803) 987-~-8743
-2 S i el 7% e tioe (800) 678-3418
HO48~-3-A 30 0o Comeriio, CA 93012 FAX:  (803) 388~047%
M48~4-A 4.0 3 Usa TR 210-338~-1297
K8120-0.3-4 02 H
#19200~0,12-A
H8250-0.1-A " a1 & au o1 8 | 2 4 Rewmed usteria autnerirotion (W) 8 e immed 0
o ~12¥(or ~13V) requres pmper on PCD lor -5V, st on o - v -
T for 212Y, refer 10 chassin sikscreen. 5 .
¥ for 180V, refer te chansis sduscreen. X Products must be retumed reight pre—peid.
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APPENDIX E

—

FRONT VIEW

O

O

O

SIDE VIEW

'Motor-Encoder Enclosure

Navy Postgraduate School
Monterey, CA

J. P. Sargent 9/3/91
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APPENDIX F

s00  OPTICAL ROTARY ENCODER

5VDC 5% @ 30 MA max.

Ground

A Out

8 Out

TERAM #] FUNCTION

[SVOC £5% €@ 30 MA max.

A Out

Ground

8 Out

FUNCTION

SVDC 1 5% @ 30 MA max.

o PR A
= Desc WV P
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APPENDIX G

Drill and tap for 6/32 set screws

1.0"

lag——0.75" 0.25" |w—
- 15" —
Scale 2:1

Notes

1. Make from 1" Aluminum
Stock

2. Place holes for set screws
1/4" from ends.

Motor - Encoder Coupling

Navy Postgraduate School
Monterey, CA

J. P. Sargent 9-5-91
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APPENDIX H
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APPENDIX I

TYPES SN5474, SN54H74, SN54L74, SN54LST4A, SN54S74,

SN7474, SN74H74, SN74LST4A, SN74S74

DUAL D-TYPE POSITIVE-EDGE-TRIGGERED FLIP-FLOPS WITH PRESET AND CLEAR

REVISED DECEMBER 1983

‘s Package Options Include Both Plastic and
Ceramic Chip Carriers in Additijon to Plastic
and Ceramic DIPs :

+ Dependable Texas Instruments Quality and

Reliability
{ description

These devicss contsin two independent D-type
positive-edge-triggered flip-flops. A low level at the
presst Of Clear inputs sets or resets the outputs
regardiess of the levels of the other inputs. When presst
and clear are inactive (highl, dats at the D input mesting
the setup time requirements are transferred to the
outputs on the positive-going edge of the clock puise.
Clock triggering occurs at 8 voltage level and 8 not
dirsctly related 10 the rise time of the clock pulse.
Following the hold time interval, data at the D input may
be changed without affecting the levels at the cutputs.

The SN54° family is characterized for operation over the
full military tempersture range of ~55°C to 125°C.
The SN74° family is characterized for operation from

0°Cto70°C.
FUNCTION TABLE
INPUTS OUTPUTS
PRE__CLR CLK D | aQ [
L M X X H L
H L X x|t H
L L x  x|ut Wt
H H * M H L
H H L L H
H H L xla Qo

T The Ouiput levels in this configuration sre nOt guaranteed
10 MOt The Minkmum 1Bveit 1n Vo, if TRE 10w 8t Dreset
aNg clear are neer V”_ maximum. Fuyrthermore, this con-
“19UratION 18 NONSLADIL, TNST 18, It will NOT Permist when
Other ¢ ‘101 Or CIear T8TUINY 1O 1ts inacTive {Righ) tevel.

_ logic symbol

wae A 15}

1ICLK Q:__.>c|

10 10 =
L LI
ICLR '—L'.hl

2one 0N 9)

PR ELLIE w0

0

P mambers shown on jogsc NOtaton are for 0. J or N packages

3
SNS474, SNSAHT4, SNSAL?4 ... J PACKAGE
SNSALS74A. SNS4S74 ... J ORW PACKAGE

SN7474. SN74HT4 ... J ORN PACKAGE

SN74LST4A. SNT4574 ... D, JOR N PACKAGE

(TOP VIEW)

18R
100
1cxg
1PREC]
1aQ
18
GNO(]

SNS474, SNS4HT4 ... W PACKAGE
{TOP VIEW)

SNSILSTAA, SNSAST4 . .. FK PACKAGE
SNTALSTAA SNT4ST4 ... FN PACKAGE

(YOP VIEW)}

NC - No internal connection

logic diagram
PRE
CLR a
—
-1 -
cLK { a
o
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APPENDIX J

TYPES SN5400, SN54H00, SN54L00, SN54L.S00, SNS4S00,
SN7400, SN74H00, SN74L.S00, SN74S00
QUADRUPLE 2-INPUT POSITIVE-NAND GATES

MEVISED OECEMBER 1982

SN5400. SNS4H00, SNS4ALOO . . . J PACKAGE
SNS4LS00. SN54S00 .. . JOR W PACKAGE
SN7400. SN74H00 ... JORN PACKAGE
SN74LS00. SN74S00 ... D. JORN PACKAGE

o Package Options include Both Plastic and
Ceramic Chip Carriers in Addition to Plastic
and Ceramic DiPs

. (TOP VIEW)
e Dependable Texas Instruments Quality and
Reliability 1A d'—Uﬁb vee
1802 1] 48
description 1wy O3 120 aa
These devices contain four independent 2-input NAND 24 Qe '(')g 4y
28 (s 1 38
gates.
2y s s 3A

GNDC17 3|l3Y

SNS400, SNS4HOO . .. W PACKAGE

The SN5400, SN54H00. SN54L00. ana SNS4LS00.
and SN54S00 are charactenzed for operation over the
full military temperature range of —55°C to 125°C. The

SN7400. SN74H00. SN74LS00. ana SN74S00 are (TOP VIEW)
characterized for operation from 0°C 1o 70°C. ——r—
1Ay \Uiaday
FUNCTION TABLE (each gate) 18052 13} 48
1vQs 120 4A
INPUTS OUTPUT vecds O GND
a8 v 2vy(Js ]38
2a (s 9 3A
H L 2807 33y
L X H
X v H
SN54LS00. SN54S00 . .. FK PACKAGE

SN74LS00,. SN74S00 .. . FN PACKAGE

P VI
logic diagram (each gate) TopViEw:

positive logic

PACOUCTION OATA
Thes document coatasms lermation current a3
of oebiicatien date. Products cenlerm 19
30etthcations por the terms ot Tesas inszements
wertamy P 9 Sose
201 sscessanily ciude Wasuing of i parameters.

EXAS "«"
INSTRUMENTS

AOST OFF:CE BOX 273012 @ DALLAS TEXAS 75265
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APPENDIX KX

TYPES SN54192, SN54193, SN54L192, SN54L193, SNSALS192, SN54LS193,
SN74192, SN74193, SN74L5192, SN74LS193
SYNCHRONOUS 4-BIT UP/DOWN COUNTERS (DUAL CLOCK WITH CLEAR)

QECEMBER 1972-REVISED ODECEMBER 158

Cascading Circuitry Provided Internsily SNS4192, SNG4193, SNS4LS192,
N SNSALS193 ... JOR W PACKAGE
Synchronous Operation SNS4L192, SN54L193 ... JPACKAGE

- ! SN74192, SNT4193 . .. J ORN PACKAGE
individual Preset to Each Flip-Flop SN74L5192. SN74L5183 . .. D. J OR N PACKAGE

Fully Independent Clear Input (TOP VIEW)

TYPES TYPICAL MAXIMUM TYPICAL -
COUNT FREQUENCY POWER DISSIPATION
192,193 32 Mz 325 mw
1192, 1193 7 MMz a3 mw
15192,'18193 32 Mhz 9% mw
description

These monolithic circuits are synchronous reversible
(up/down) counters having 8 complexity of 85

squivalent gates. The 192, 'L192, and 'LS192 circuits s":"-s"g« s“j"-s:” - :: PACKAGE
are BCO counters and the “193, 'L193 and 'LS193 are SN74Ls132, sunt::v?s:). - FN PACKAGE

4-bit binsry counters. Synchronous operstion i pro-
vided by having all flip-flops clocked simuitaneously so
that the outputs change coincidently with each other
when 30 instructed by the steering logic. This mode of
operation eliminatas the cutput counung spikes which
are normally associated with asynchronous {ripple-
clock| counters.

The outputs of the four master-sisve flip-flops are trig-
gered by a low-to-high-level transition of either count
{clock) input. The direction of counting s determuned by
which count input is puised while the other count input
is high.

All four counters are fully programmable; that is, each
output Mmay be preset to either level by entering the
desired data at the data inputs while the joad input is
low. The output will change 10 agree with the data in-
puts independently of the count puises. This feature

allows the counters 10 be used as modulo-N dividers by simply modifying the count length with the preset inputs.

NC - Na internal connecton

A ciear input has been provided which forces all outputs 10 the low level when 3 high leve! is applied. The clear funcuon is
independent of the count and load inputs. The clear, count, and load inputs are butiered 10 lower the drive requitements.
This reduces the number of clock drivers, etc., required for long words.

These countess were designed to be cascaded without the need for external circuitry. Both borrow and carry outputs are
available 10 cascade both the up- and down-counting functions. The borrow output produces a puise equal In width to the
count-down input when the counter undertiows. Similarly, the carry output produces a pulse equal in width to the count-up
input when an overtiow condition exists. The counters can then be easily cascaded by feeding the borrow end carry outputs
1o the count-down and count-up inputs respectively of the succeeding counter.

absolute maximum ratings over operating free-air temperature range (unless otherwiss noted)

SNS4° SNS4L" SNSALS” SN74° SN74LS" UNIT
Suppiy voltage, Ve (see Note 1) 7 8 7 7 ? v
Inout voitage 55 5.5 7 5.5 7 v
Quersting freeeir temperatury renge -5510 125 Ot 70 K
|_Storege temoerature range - 6510 150 - 65 to 150 ‘C

NOTE 1. VOItige veiust §re With 76LDECt TO NETWOrk Jround tarming).

PROCUCTION DATA .
Lﬁm dota. Produsty toaiorm i TEXAS ”
spusfinvons pus the terms of Tenss iantroments INSTRUMENTS 3-5

’ [
-ty .l
0% acomsardy inciods Wsueg o oll BCSBRINS.  ogY OFFICE BOX T75012 © DALLAS TERAS TS208
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DAC0808/DAC0807/DAC0808

APPENDIX L

National
Semiconductor

DAC0808/DAC0807/ DACOBOG 8-Bit D/A Converters

General Description

The DACOS08 series is an 8-bit monolithic digital-to-analog
converter (DAC) featuring a full scale output current sattiing
me of 150 ne while dissipating only 33 mW with 5V sup-
plies. No reference current (per) trimming is required for
most applications since the full scale output curent is typi-
cally £1 LS8 of 255 ipgr/ 258. Relative accuracies of bet.
for than £0.18% assure 8-bit monotonicity and linearity
while zero level output current of less than 4 pA provides
6-bit zer0 accuracy for Iner22 mA, The power supply cur-
rents of the DACOS0S series are independent of bit codes,
mmwmmmwu
the entire supply voltage range.
mmnmmmmmbn
or CMOS logic levels, and is a direct replacement for the

4

X,

MC1508/MC1408. mmwm' 1
DACOB00 cata sheet. - b

Features . - -~~~ 2
-nmmxow%mmm
8 Full scale current match: +1 LSB typ

@ 7 and 6-bit accuracy avallable (DAC0807, DACOs0S)” ™
& Fast setting time: 150 ns typ
-mmmmmmwcuosm

[ | Hmwmnw\gmmmsnw,u
8 Power supply voltage range: £4.5V to 218V
n mmwmﬁomaamwusv_

Block and Connection Diagrams
T111311%

Order Number

DACO0808, DACO80?,”

i | | I ° " or DACO80S
- Seo NS Package 4
Number J16A,
M18A or N18A
TLSeRT-1
Smali-Outiine Package
’ Yo 81
Vogr (¢ A
Yogr(=) ")
COMPENBATION: 1}
" 77
oD A3
- 2
[ ] A M3
T/H/8087-13
Top View
Ordering Information
ACCURACY OPERATING TEMPERATURE ORDER NUMBERS
RANGE J PACKAGE (J18A)* N PACKAGE (N16A)* |80 PACKAGE (M18A)
8-bit =85°CETA< +125°C DACO0808LJ [MC1508L8 -
&-bit 0'CTA< +75°C DAC0808LCJ | MC1408L8 | DACOBOBLCN | MC1408P8 DACD808LCM
7-bit CTo<+75°C DACO807LCJ | MC1408L7 { DACOBO7LCN | MC1408P7 DACO807LCM
O-bit 0’CsTas +75°C DACOB08LCJ | MC1408L8 | DACOBOSLCN | MC1408P8 DACO806LCM
*Hote. Dovices May be Ordered by using eiihner ORJer MUMber.
a——
4-30
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APPENDIX L -

solute Maxim{m Ratings mote 1)

mlhnnpx :‘podﬂod m sre required, Storage Temperature Range -85C 1o +150°C
contact ational ductor Sales Lead Temp. (Soidering, 10 seconds)

"'" tributors for avallabity and specifications. Mmmpmm) 280G
sower SUPPly Volhgo Duskin-Line Package (Comﬁc) 300°C

" . T +18Vpg . Surface Mount Package .. _

e . -18Vpc Vapor Phase (80 seconds) ns5C

,Umvm.vs-wz -10Vpcto +18Vpe Infrared (1500conds) . 2rc
Output Volitage, V, =11 Vpcto +18V,
s BT  Operating Ratings
fgloronce Temperature Range T < Ta £ Taaax
solwonce Ampilfier inputs, V14, V15 Vec. Ve DAC0808L ~85C < Tp < +125C
goeer Dissipation (Note 3) - 1000 mW DACO806LC Serles " 0STpoS +75°C
w& (Note 4) T8D :
aeclrical Characterlstlcs
tc = 5V, VEE = —15 Ve, VRer/R14 = 2mA, DAC0808: Ty = ~55°C to + 125°C, DAC0806C, DAOOOWC.DAM‘I’A
« 0°C 0 +75°C, and alt digital inputs at high logic level unisss otherwise noted.)
gymbol Parameter Conditions Min Typ Max Units
1 Relative Accuracy (Error Relative | (Figure 4) ' %
to Full Scale lg)
DACOB808L. (LM1508-8), +0.19 - %
Y DACO808LC (LM1408-8) .
DACO807LC (LM1408-7), (Note 5) +0.39 %

! DACOB06LC (LM1408-8), (Nots 5) +0.78 %
Settiing Time to Within %4 LSB Ta=25C (Note 6), 150 ™
(includes tp 1) (Figure 5)

,!LWL Propagation Delay Time Ta = 25°C, (Figure 5) 30 100 ns
Output Full Scale Current Drift 20 ppm/*C
] Digitat Input Logic Levels (Figure 3)
S High Level, Logic "1 2 Voc
Low Level, Logic “0” 0.8 Yoo
- Digita! Input Current (Figure 3)
High Level Vin = 5V 0 0.040 mA
Low Level Vi, = 0.8V -0.003 -0.8 mA
Referance input Bias Current {Figure 3) -1 -3 pA
Output Current Range (Figure 3)
i Veg = -5V 0 20 21 mA
Vgg- =15V, Ta = 25°C 0 2.0 4.2 mA
Output Current . VRer = 2.000V,

; | R14 = 10000,

(Figure 3) 19 199 21 mA
Output Current, All Bits Low {Figure 3) 0 4 pA
Output Voitage Compiiance (Note 2) | E, < 0.19%, Tp = 25°C
Vee= -5V, Ingr=1mA -055 +04 | Vvpc
Vgg Below —10V —50, +0.4 Voc

79
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DAC0808/DAC0807/DAC0806

APPENDIX L

1]

Electrical Characteristics (contiwed
(Vec = 5V, Veg = —15Vpe. VRer/R14 = 2 mA, DAC0808: Ty = —55°C to + 125°C, DAC0808C, DACD807C, uw
= 0°C to +75°C, and all digital inputs at high logic level uniess otherwise noted.)

Symbol Parameter Conditions Min Typ Max '}
SRingr Reference Current Slew Rate {Figure 6) 4 8 E
Output Current Power Supply -85V < Vgg < -16.5V 0.05 27
Pmsmo.nmwam ~ (Figure 3)
Low) ’ .
lec 23 2
|g -43 -13 -
L Power Supply Voitage Range Ta = 25°C, (Figure 3) 'l
Veeo 45 50 S5 Voo
Ves -45 | -15 | -18s 1
Power Dissipation B
AR Bits Low Voc = 5V, Veg = -5V -] 170 ..‘1
Voo = 5V, Vgg = ~15V 108 305 -
All Bits High : Veg = 15V, Vgg = -5V 90 P
Veg = 15V, Vgg = — 15V 160 -l
Mote t: M Ratings limits beyond which 98 10 the device may ocar. DC and AC slectricel specificaions do not apply when cpestm
the devios beyond iis specified operating conditions.
Note 2 Range control is not required. i
Note & The medmum power dissipation must be dersted at ad andis nrmo“mnmwnw._-
Mmmdwm.h (rm—'rmonanwwnm Ratings, whi s iower. Fet
device, Tauax = 125°C, and the typical i of the dush-in-fine J package when the board mounted is 100°C/W. For e o
fne N package, this number increases 10 175°C/W and for the small Ouline M package this number is 100°C/W.
Note &: Human body model, 100 pF di D gh s 1.5 kN
Note i Al current switches are tWesied 10 guarantee st least 50% Of rated curent.
Note & Al bits switched.

svoaal

Note 7 Pin-out numbers for the DALDSOX represent the dual-in-iine peckags. The smell ouliine package pinout differs from the dual-n-ine package.

Typical Application

»

[ EEBEE RN

-]
eeow

FIGURE 1. + 10V Output Diolhl to Analog Converter (Noto n

4-32
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APPENDIX N T

LM124, LM224, LM224A,
LM324, LM324A, LM2302
QUADRUPLE OPERATIONAL AMPLIFIERS

01990. SEPTEMIER 1975—AEVISED JANUARY 1989

e Wide Range of Supply Voitages:
Single Supply . . .3 V1o 30V
{(LM2902...3 Vo 28 V),

or Duasl Suppiles

@ Low Supply Cwrent Drain Independent of
Supply Voitage . . . 0.8 mA Typ

o Common-Mode input Voitage Range
includes Ground Allowing Direct Sensing
- nesr Ground

® Low input Blas and Offset Parameters:
Input Otfset Voitage . . . 3 mV Typ
A Vergions .. . 2 mV Typ
Input Otfset Current . . . 2 nA Typ
Input Biss Current . . . 20 nA Typ
A Versions . . . 156 nA Typ

& Ditferential input Voitage Range Equal to
Msaximum-Rated Supply Voltage . . . 32 V
(26 V for LM2902)

® Open-Loop Differential Voitage
Ampiification . . . 100 V/mV Typ

® Internal Frequency Compensation
description

These devices consist of four independent, high-
gain frequency-compensated operationasl
amplifiers that were designed specifically to
operate from a single supp.y over a wide range
of voltages. Operation from spiit supplies is aiso
possibie so long as the difference between the
two supplies is 3 V to 30 V (for the LM2902,
3V to 26 V), and Pin 4 is at least 1.5 V more
positive than the input common-mode voitage.
The low supply current drain is independent of
the magnitude of the supply voitage.

Applicstions include transducer amplifiers, d-c
emplification blocks, and ail the conventional
operational amplifier circuits that now can be
more easily implemented in single-supply-voitage
systems. For example, the LM124 can be
operated directly off of the standard 5-V supply
that is used in digital systems and will eesily
Dr_ovido the required interface electronics
without requiring sdditional = 15-V supplies.

The LM 124 is characterized for operation over
the full military temperaturs range of ~55°C
10 125°C. The LM2902 is characterized for
Operation from —40°C to 105°C, the LM224
#nd LM224A from —25°C to 85°C, and the
——M324 and LM324A from 0°C to 70°C.

LM124 . .. J OR W PACKAQGE
ALL OTHERS . .. D. J. OR N PACKAGES

LM124
FX CHIP CARRIER PACKAGE

(TOP VIEW)

(AN
#10U

N4 IN+
NC
GND
NC
#3IN+

10 11 12

g [l
323z
o~ (3]
-

#2IN-
"

NC —No internai connection

symbol (sach amplifier)

INVERTING

INPUT IN—
NONINVERTING
INPUT INe

ouTPUT

e
‘ Copynght © 1979, Teaas instruments incorporated

Texas 2-33
INSTRUMENTS

FOST OPMCE BOX $58012 * DALLAS, TEXAS 78288
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APPENDIX P

p———

National
Semiconductor

LM78XX Series Voltage Regulators

General Description

The LM78XX senes of three terminal regulators is available
with several fixed output voltages making them useful in a
wide range of applications. One of these is local on card
reguiation, eliminating the distribution problems associated
with single pont regulation. The voitages available allow
these reguiators t0 be usad in logic systems, instrumenta-
won, HiFi, and other solid state eiectronic equipment. Al-
though designed primarily as fixed voitage regulators these
devices can be usad with external components 10 obtain
adjustable voitages and currents.

The LM78XX series is available in an aluminum TO-3 pack-
age which will allow over 1.0A load current if adeguate heat
sinking 18 provided. Current limiting is included to limit the
peak output current to a safe value. Safe area protection for
the output transistor is provided to limit internal power diss:-
pation. !f internal power dissipation becomes too high for
the heat sinking provided, the thermal shutdown circuit
takes over preventing the IC from overheating.
Considerable effort was expanded to make the LM78XX se-
nes of regulators easy to use and minnize the number

of external components. It is not necessary 10 bypass the
output, aithough this does improve transient response. Input
bypassing is needed only if the reguiator is iocated far from
the filter capacitor of the power supply.

For output voitage other than 5V, 12V and 15V the LM117
series provides an output voitage range from 1.2V to 57V.

Features

8 Output current in excess of 1A

u Internal thermai overioad protection

® No external components required

8 Output transistor safe area protection

@ internal short circuit cusrent limit

® Available in the aluminum TO-3 package

Voltage Range
LM7805C sV
LM7812C 12v
LM7815C 15v

-

Schematic and Connection Diagrams

o

P4 |l|l
g "

AAA

3
': "
<

Ye

(1 1]

el Metal Can Package

TO-3 (K)
Aluminum

ouTRUT GND

Nyt
TUMH/T748-2
Bottom View
Order Number LM7805CK,

' LM7812CK or LM7815CK
See NS Package Number KC02A

ourrgr

Plastic Package
TO-220(T) -

| QUIPUT

N —= [ = N0

L

TLM/TT48-2
Top View
Order Number LM7805CT,

LM7812CT or LM7815CT
See NS Pacr.age Number T038

TN/ 77481
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APPENDIX Q

—

National
Semiconductor

LM79XX Series 3-Terminal Negative Regulators

General Description

The LM79XX sesies of 3-terminal regulators is available with
fixed output voitages of ~5V, — 12V, and — 15V. These de-
vices need only one external component—a compensation
capacitor at the output. The LM79XX series is packaged in
the TO-220 power package and is capadle of supplying
1.5A of output current.

These reguiators @mploy internai current limiting safe area
pratection and thermal shutdown for protection against vir-
tually all overioad conditions.

Low grouna pin current of the LM79XX serias aliows output
voltage 10 be easily boosted above the preset value with a
resistor divider. The low quiescent current drain of

these devices with a specified maximum change with line
and load ensures good regulation in the voitage boosted
mode.
For applications requiring other voltages, see LM137 data
sheetl

Features .
8 Thermal, short circuit and sate area protection
® High npgle rejection

® 1.5A output current

8 4% preset output voltage

Typical Applications

* 15V, 1 Amp Tracking Regulators

Ny O

?-O Vour (*) 15V

Ase

o P
RS 1
5uF T 3
S ™
1%
COMMON
FS
ot — 0
QUTMUT TRIM ) 1N4D0Y

T0 -15.0v

9~0 Vour (-1 10V

Load Reguiabon at Al = 1A

Outout Ripoie, Ciy = 3000 uF, I = 1A

Temperature Stabiwty
Ouput Nowse 10 HzZ < 1 € 10 kM2

Performance (Typical)

TL/H/T340-1
(-18) (+15)
40 mv amv
100 pvrms 100 xVrms
50 mv 50 mv
150 pyrms 150 uVrins

*Aesmtor tolerance of R4 and RS determine maictwng of {+) end (-}

outpus.

**Necessary ohly if raw supply filter CAORCItOns are MOre than 3° from regu-

lators.
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APPENDIX R

LM101A, LM201A, LM301A

HIGH-PERFORMANCE OPERATIONAL AMPLIFIERS

0061, OCTOBER 1979 - REVISED JUNE 1988

e Low Input Currents .
o Low input Offset Parameters

e Frequency and Transient Response
Characteristics Adjustable

o Short-Circuit Protsction
¢ Offset-Voitage Nuil Capability
~e No Latch-Up

¢ Wide Common-Mode and Ditferential
Voltage Ranges

¢ Same Pin Assignments as uA709

e Designed to be interchangeable with
National Semiconductor LM101A and
LM301A

description

The LM101A, LM201A, and LM301A are high-
perforrmance operational amplifiers featuring very
‘ow input bias current and input offset voltage
and current to improve the accuracy of high-
imoegance circuits using these devices. The
nigh common-mode input voitage range and the
absence of latch-up make these ampiifiers ideal
for voitage-foliower applications. The devices are
protecied to withstand short circuits at the
output. The external compensation of these
ampiifiers allows the changing of the frequency
response {(when the ciosed-loop gain is greater
than unity) for applications requiring wider
bandwidth or higher siew rate. A potentiometer
may be connected between the offset-nuil inputs
(N1 and N2), as shown in Figure 7. to null out the
offset voitage.

The LM101A is characterized for operation over
the tuil military temperature range of -55°C

D, 4G, OR P PACKAGE
ToP VIEW)

NHCoMP {1 U s[] comp
IN- C 2 ? 3 vee +
IN+[J3 s[Jour
vee- (e S| ] OFFSET N2

LM101A -
W FLAT PACKAGE

(TOP VIEW)

14| ] NC

131 ] NC

12 ] ComMP

vee +

wll our

o{] OFFSET N2
8t ] NC

NC

Ne ([
N1/comp [
iN- ]

iN+ C
vee- [
NC

N~ OWY R WN -
-
-

LM101A
U FLAT PACKAGE

(TOP VIEW)

NC

% comP
vee -

] out

[ OFFSET N2

NC [j®¢v 10
N1/COMP
IN-

IN+

vee -

[T I XXy
DN D 0

LM101A
FK CHIP-CARRIER PACKAGE

(TOP VIEW)

1o 125°C, the LM201A is characterized for '8{J NC
operaton from —25°C to 85°C. and the LM301A 170 vees
1S characterized for operation from 0°C to 70°C. (] 357
symbol NC
10 19 12 13
NONINVERTING ———i + U QNO
1NPUT iNe OUTPUT 2% zz
INVERTING - >
INPUT IN- NC = No internsl connechon
N1/ N2
comp
::’“u?mm Copyngrt ® 1943 Texss instruments incorporated
~I~ P O trms of Tozns lastrementy TEXAS
Sty Prodususe procsssseq soms met ' 2
ey of ol perametars. NSTRUMENTS

POST OFFICE BOX §38012 * DALLAS. TEXAS 78268
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APPENDIX U
DAC Voitage Out ND

‘ S5VOL
+15 VDC
‘ S VbC

+5 to Encoder

ﬁ’anmlA

Ground

Channe! B
-}

Switch to CLR

W T comtroo
Open {Normally Open)

Switch 080
op.@ to Preset

Countto 128
(Normally Open)

ENCODER-ANALOG CARD PARTS LOCATION

Navy Postgraduate School
Monterey, CA

J. P. Sargent 9-9-91
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APPENDIX V
+24 Vin

GND +15 Vout

Vout to Motor Amp » +5 Vout

Encoder Signal In . _24Vin

RefSignal In ASvout

0dd & & 6 & ¢
+5VDC
-1 Voltage Regulator

Reference Signal 10K
Null Offset +15 and -15 VvDC
Potentiometer Voltage Regulators

Circuit Gain Adjustment
Final Stage : 5K Ohm Pot

Second Feedback /

Encoder Null

Feedback Signal
High Freq Gain Boost
50K Ohm Pot

Offset Pot 20K

[

Encoder Unity
Gain Null Offset
Potentiometer

AMPLIFIER CARD PARTS LOCATION

Navy Postgraduate School
Monterey, CA

J. P. Sargent 9-9-91
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APPENDIX W
- 22 cm ]
% - 1/4 - 20 Nylon Set Screw
1" '®) Aluminum O o
{ ~ , _
- \1/3" Hole 1/2" Hole 1/8" Hole . l
1em 1cm
TORQUE TEST BAR
Navy Postgraduate School

Monterey, CA

J. P. Sargent 9-9-91
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